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Abstract
We develop statistical mechanical models amenable to analytic treatment for the dissociative adsorption of
O2 at hollow sites on fcc(100) metal surfaces. The models incorporate exclusion of nearest-neighbor pairs of
adsorbed O. However, corresponding simple site-blocking models, where adsorption requires a large
ensemble of available sites, exhibit an anomalously fast initial decrease in sticking. Thus, in addition to
blocking, our models also incorporate more facile adsorption via orientational steering and funneling
dynamics (features supported by ab initio Molecular Dynamics studies). Behavior for equilibrated adlayers is
distinct from those with finite adspecies mobility. We focus on the low-temperature limited-mobility regime
where analysis of the associated master equations readily produces exact results for both short- and long-time
behavior. Kinetic Monte Carlo simulation is also utilized to provide a more complete picture of behavior.
These models capture both the initial decrease and the saturation of the experimentally observed sticking
versus coverage, as well as features of non-equilibrium adlayer ordering as assessed by surface-sensitive
diffraction.
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We develop statistical mechanical models amenable to analytic treatment for the dissociative ad-
sorption of O2 at hollow sites on fcc(100) metal surfaces. The models incorporate exclusion of
nearest-neighbor pairs of adsorbed O. However, corresponding simple site-blocking models, where
adsorption requires a large ensemble of available sites, exhibit an anomalously fast initial decrease
in sticking. Thus, in addition to blocking, our models also incorporate more facile adsorption via
orientational steering and funneling dynamics (features supported by ab initio Molecular Dynam-
ics studies). Behavior for equilibrated adlayers is distinct from those with finite adspecies mobility.
We focus on the low-temperature limited-mobility regime where analysis of the associated master
equations readily produces exact results for both short- and long-time behavior. Kinetic Monte Carlo
simulation is also utilized to provide a more complete picture of behavior. These models capture
both the initial decrease and the saturation of the experimentally observed sticking versus coverage,
as well as features of non-equilibrium adlayer ordering as assessed by surface-sensitive diffraction.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875813]
I. INTRODUCTION
For dissociative adsorption of oxygen on metal surfaces,
a key goal is reliable theoretical description of the dependence
on oxygen coverage, θO, of the sticking coefficient, S(θO), or
of its normalized form,
ˆS(θO) = S(θO)/S(0) = 1 − c1θO + c2(θO)2 + . . . ,
with θO in monolayers (ML). (1)
This requires development and analysis of a realis-
tic “environment-dependent” adsorption model.1–10 Such a
model should specify the outcome of adsorption attempts for
all possible local environments of the impingement site. For
the traditional nearest-neighbor (NN) adsorption model with
non-activated adsorption onto NN pairs of unoccupied sites,
which occur with probability PNN, the normalized sticking
probability becomes ˆS(θO) = PNN. Neglecting spatial corre-
lations leads to the familiar mean-field Langmuir form, ˆS(θO)
= (1 − θO)2, and for which c1 = 2.4 For adlayers with exclu-
sion of occupancy of NN sites, one has the exact result, ˆS(θO)
= 1 − 2θO, for this model where again c1 = 2. In either case,
availability of a simple analytic form for ˆS is immensely use-
ful for modeling of, e.g., oxidation reaction kinetics, at least
after suitable refinement to account for the presence of coad-
sorbed reactant species.11
However, it is recognized that these simple forms will
not be adequate for systems with strong adspecies repulsions,
where larger unoccupied “adsorption-site ensembles” may be
required for adsorption.1–4 A classic example is the Brundle-
Behm-Barker (BBB) 8-site model for dissociative adsorption
of oxygen at fourfold hollow (4fh) sites on an unreconstructed
metal(100) surface (see Fig. 1), as originally proposed for
Ni(100).1, 2 In this model, highlighted in Zangwill’s surface
physics monograph,4 oxygen adsorbs onto diagonal or second
NN (2NN) unoccupied 4fh sites, provided that the six 4fh sites
NN to these are also free of oxygen. Thus, adsorption does not
populate NN pairs of sites. One has that ˆS(θO) = P8, the prob-
ability of the required unoccupied 8-site adsorption ensemble.
In this model, ˆS vanishes for a 0.25 ML p(2 × 2) overlayer, as
suggested by the BBB experiments. For an equilibrated-quasi-
random adlayer at low coverage, it is clear that c1 = 8 for this
model (far above the c1-value for traditional models). We note
that the 8-site model was also applied extensively for oxygen
adsorption on Pd(100).4, 12, 13 Furthermore, after refinement to
account for the effect of coadsorbed species, the 8-model has
been successfully incorporated into both simplified14–19 and
realistic20 statistical mechanical modeling of CO-oxidation on
metal(100) surfaces. This higher-level modeling goes beyond
a traditional Langmuirian mean-field treatment.
For a broader perspective, we note that a complete pre-
scription of a non-equilibrium statistical mechanical adsorp-
tion model requires specification not just of the environment-
dependent adsorption rule but also of the diffusive dynamics
of the adlayer (which in part reflects the adlayer thermody-
namics). We emphasize that adlayer structure, and thus the
sticking coefficient, depends not just on the adsorption rule
but also on the degree of mobility, and in general on the entire
history of adsorption (e.g., for varying oxygen pressure).Thus,
ˆS does not have universal dependence of θO and may per-
haps be better reflected by the notation ˆS = ˆS({O}), where
{O} denotes the entire configuration of the O-adlayer.10 Be-
havior of such a stochastic lattice-gas model is described ex-
actly by hierarchical master equations for the evolution of
the probabilities various local adsorbate configurations which
in turn determine the evolution of ˆS.10, 12, 21 However, such
equations are not amenable to exact solution, so typically
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FIG. 1. Schematic of various high-symmetry sites on a fcc(100) metal or
M(100) surface (with M atoms shown as grey circles): fourfold hollow (4fh);
bridge (br), and top sites. A square grid is overlaid on the 4fh adsorption sites.
Also shown are nearest-neighbor (NN) 4fh and vicinal br pairs, second NN
(2NN) 4fh pairs, and third NN (3NN) 4fh pairs.
behavior is instead precisely determined from Kinetic Monte
Carlo (KMC) simulation. This KMC approach simply ran-
domly implements the various processes (adsorption and pos-
sibly diffusion) according to the rules prescribed by the
model, and with probabilities reflecting their relative physi-
cal rates.
One exception to the above non-equilibrium scenario is
the case of high-mobility with equilibrated adlayers as is
expected for higher surface temperature (T). Here, sticking
behavior for a specified adsorption rule is completely deter-
mined by T and by the adlayer thermodynamics (i.e., the ad-
species interactions). For the special case of NN exclusion, we
recall the exact result, ˆS(θO) = 1 − 2θO, for the traditional
NN adsorption model as described above, and note that the
Kirkwood approximation22, 23 provides a corresponding but
approximate expression for the 8-site model (see Sec. II), both
of which are actually independent of T.
Rather than higher-T equilibrated adlayers, we shall em-
phasize in this study behavior for lower-T with negligible
thermally activated surface diffusion. In this regime, the resul-
tant far-from-equilibrium adlayer structure is innately depen-
dent on the details of the adsorption mechanism. This regime
can be realized for oxygen adsorption on metal surfaces for
higher adsorption rates at low T,4 as the barrier for diffusion
is typically substantial. In this regime, the associated “ran-
dom sequential adsorption” (RSA) type models21 display a
non-trivial saturation or jamming coverage, θOS, where ad-
sorption ceases, i.e., ˆS(θOS) = 0. For example with NN exclu-
sion, clearly θOS < 0.5 ML where θO = 0.5 ML is achieved
only for perfect c(2 × 2)-ordering. These RSA models are
more amenable to effective analytic treatment than models
with significant adlayer mobility. Short-time (low-coverage)
Taylor expansion of the associated exact master equations de-
termines the coefficients cn in (1).21 One can also perform an
asymptotic long-time analysis which reveals that
ˆS(θO)∼s1
(
θO
S − θO
)
, as θO → θOS, with s1 >0 (for RSA).
(2)
Despite the utility of the 8-site model, there are vari-
ous indications of its shortcomings. First, we describe experi-
mental observations. Reanalysis of O2/Ni(100) subsequent to
BBB suggested a recalibration of coverage wherein ˆS became
negligible to around 0.37 ML (versus 0.25 ML).24 This im-
plies a slower initial decrease of ˆS with c1 well below the
BBB value c1 = 8 (but still above c1 = 2 for the traditional
NN adsorption model), and further analysis suggests that c1
= 2.5–4. For Pd(100), our analysis of the available (but lim-
ited) data for ˆS25 suggests that c1 ≈ 3, also significantly be-
low 8. For Rh(100), more precise data indicates even lower
c1 < 2, and the shape of ˆS(θO) versus θO26 differs from ei-
ther the classic Langmuir form or Kirkwood predictions for
the 8-site model. Second, recent Density Functional Theory
(DFT) analysis10, 27–29 indicates the common feature for (100)
surface of Ni, Pd, Rh, and other transition metal surfaces of
a preferred dissociation pathway through vicinal NN pairs of
bridge (br) sites to a third NN (3NN) pair of 4fh sites.29 See
Fig. 1. Direct adsorption to 2NN 4fh sites is generally not fa-
vored. Third, detailed multisite lattice-gas (msLG) modeling
incorporating adsorption via NN vicinal br sites, and also via
NN pairs of other sites, produces sticking behavior reasonably
consistent with experiment, and typically with c1 ∼ 3–4.10, 29
However, for these more complex msLG models, it is difficult
to extract a simple analytic expression for ˆS.
Our perspective on the origin of low c1-values seen in
experiment and in msLG model simulation is that the pre-
scription of adsorption is overly restrictive in the simple
8-site blocking model (and also in a similar 9-site model de-
scribed in Sec. III). For example, steering of the adsorbing
diatomic to different orientations, and funneling away from
preadsorbed adspecies, can allow greater access to available
adsorption-site ensembles. This constitutes an alternative to
the traditional view that lower c1-values are associated with
the effect of physisorbed precursors, see Appendix A. Indeed,
the importance of typically neglected details of the adsorption
dynamics on key measurable quantities in surface systems is
receiving more attention. For example, a slow nonlinear de-
crease in ˆS versus coverage with c1 = 0 for CO adsorption on
Rh(100) was explained by DFT analysis indicating steering
of impinging CO to unpopulated top sites.10, 30 This contrasts
the traditional explanation using Gasser-Smith precursor the-
ory. Also, unexpected smooth growth at low-T in metal(100)
epitaxial systems has been shown to derive from funneling of
depositing atoms off isolated adatoms and off the edges of
adatom clusters to nearby 4fh adsorption sites.31
With regard to theoretical validation of these ideas, the
possible limitations of DFT for describing O2 dissociation on
metal surfaces have been a subject of recent debate.32, 33 Thus,
DFT-based ab initio Molecular Dynamics (MD) studies do
not provide a definitive picture of dissociation dynamics. For
example, we find that changes in the strength of binding to the
surface for spin-polarized versus non-spin-polarized calcula-
tions can produce quite different behavior. Another issue is
the potentially inadequate treatment of energy dissipation into
the bulk substrate due to finite lateral unit-cell size and slab
thickness. Nonetheless, we have performed selective DFT-
MD analyses for Pd(100) which do reveal the occurrence of
orientational steering and funneling dynamics during adsorp-
tion. See Appendix B for further discussion. However, in this
paper, we focus on the development of appropriate statistical
mechanical models for O2 dissociation on general fcc(100)
metal surfaces.
Our specific goal is to develop models for environment-
dependent dissociative adsorption of oxygen on partially
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TABLE I. c1-values for various models which will be described in Secs. II
and III with orientational steering (s) and funneling (f), or both (sf). Row 2
gives values for an equilibrated adlayer subject to NN exclusion. Row 3 gives
values for RSA at low-T with no thermal surface mobility. Other models with
more extensive funneling give lower c1-values (see text).
c1-value 8-site 8s-site 8f-site 8sf-site 9-site 9s-site 9f-site 9sf-site
Equilibrated 8 4 2 1 9 5 3 1
RSA 6 3.5 2 1.25 7.25 4 3.25 1.5
oxygen-covered metal(100) surfaces. These should incorpo-
rate exclusion of population NN pairs of 4fh sites, as well
as orientational steering and funneling, but they should also
be amenable to analytic treatment. Extension of these mod-
els to treat the effects of coadsorbed CO species for applica-
tion to modeling of CO-oxidation is described in Appendix C.
Optimal models should have c1-values compatible with ex-
periment as arguably the initial rate of decrease of sticking
is its most significant feature. We analyze the 8-site model
with 2NN 4fh adsorption sites and refinements in Sec. II. A
9-site alternative with more reasonable 3NN 4fh adsorption
sites and refinements is analyzed in Sec. III. A summary of c1-
values for these models is provided in Table I. These refined
models should also produce a reasonable overall shape of
ˆS(θO) versus θO, exhibit reasonable values of saturation cov-
erages at which ˆS becomes negligible, and recover features
of the short-range order of the adlayer as probed by surface-
sensitive diffraction techniques. In Sec. IV, we present
Kinetic Monte Carlo (KMC) simulation results for our mod-
els and compare with experimental observations. Our conclu-
sions are presented in Sec. V.
II. 8-SITE MODEL AND REFINEMENTS
WITH STEERING OR FUNNELING
Given the historical significance and utility of the BBB
8-site model, it is appropriate to first describe its behavior,
and then that of various refinements. An analogous treatment
will be presented for an alternative 9-site adsorption model
in Sec. V. Below, the oxygen diatomic (or dimer) impinges
with its center of mass above a target top site with one of two
diagonal orientations so that its constituent atoms are aligned
with 2NN 4fh sites. Let k denote the adsorption rate for each
orientation, i.e., the adsorption rate per pair of 2NN pair sites.
A. Classic BBB 8-site model
This model has been described in Sec. I. Some insight
into its normalized sticking coefficient, ˆS8, comes from appli-
cation of the Kirkwood approximation22 for the probability,
P8, of the 8-site ensemble described in Sec. I and Fig. 2(a).
Specifically, P8 is factorized as a product of the probabilities
of the eight constituent pairs of empty NN sites, compensat-
ing for over-counting of the empty site population. Thus, if
P1 = 1 − θO denotes the probability that a 4fh site is unoccu-
pied, one has that
ˆS8 = P8 ≈ (PNN)8/(P1)8 = (1 − 2θO)8/(1 − θO)8. (3)
P(side)
(d)
P10(side) P11(side)
(e)
=
P(end)
=
P9(end) P11(end)
P8
(a)
P8 P12(8s)
(b)
P(rot)
(c)
P8 P12(8s)
=
FIG. 2. Schematics for the BBB 8-site model and refinements. The square
grid denotes 4fh adsorption sites, open circles denote unoccupied 4fh sites, x
denotes the top site above which the center of the diatomic impinges, and
light blue ovals indicate the target 2NN 4fh adsorption sites. (a) Classic
8-site model: two orthogonal 8-site ensembles. (b) 12-site ensemble which
is the union of orthogonal 8-site ensembles. (c) 8s-site model: configuration
associated with successful adsorption after rotation where one or more sites
denoted by * are occupied. (d) 8f-site model: funneling away from a filled
side site (solid circle) to an available 8-site ensemble. (e) 8f-site model: fun-
neling away from one or more populated end sites (indicated by *) to an
available 8-site ensemble.
Thus, from a Taylor expansion, one immediately obtains
c1 = 8 and c2 = 20. One can show that this c1-value ap-
plies for adsorption via the 8-site rule onto an equilibrated
adlayer with any prescription of adspecies interactions. (Note
that equilibration is generally assumed due to facile surface
diffusion.) The Kirkwood prediction of c2 = 20 should match
exact behavior for the equilibrium hard-square model34 where
particles occupy a square lattice of adsorption sites subject
only to strict NN exclusion. Note that while the Kirkwood sat-
uration coverage is strictly 0.5 ML, effective saturation occurs
around 0.35 ML where the Kirkwood ˆS8 ≈ 0.002. This fea-
ture is compatible with experimental observations for Ni(100)
and Pd(100).
The low-T RSA regime without significant thermal dif-
fusion is characterized by distinct behavior even for θO  1.
If P2NN denotes the probability of an unoccupied 2NN pair,
then it is clear that d/dt P1 → −4k (four adsorption configura-
tions overlap the empty site), d/dt P2NN → −7k (seven adsorp-
tion configurations overlap a 2NN pair), and d/dt P8 → −24k
(24 adsorption configurations overlap the 8-site ensemble), as
t → 0 or θO → 0. Thus, one has that c1 = (dP8/dt)/
(dP1/dt)|t=0 = 6 (not 8). The shift in c1 from the Kirkwood
value is due to the presence of strong 2NN correlations even
for low θO (P2NN ≈ 1 – 7/4θO not P2NN ≈ 1 – 2θO) due to
the nature of the adsorption rule. More detailed analysis of
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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this RSA model also shows that c2 = 135/16. Also, ˆS8 has a
concave form (positive curvature) and decreases to zero at a
saturation coverage of θOS = 0.362 ML.12 Interestingly, anal-
ysis of a refined model including thermal hopping reveals no
change in the c1-value. Thus, the transition from RSA behav-
ior to that for an equilibrated layer is more subtle than a con-
tinuous increase of c1 with increasing hop rate, see Sec. IV.
It is instructive to develop a refined Kirkwood approxi-
mation accounting for the eight constituent 2NN pairs (in ad-
dition to the eight NN pairs) within the 8-site ensemble. This
yields a modified expression,
ˆS8 = P8 = (PNN)8(P2NN)8/(P1)24. (4)
Using the equilibrated form P2NN ∼ 1 – 2 θO, (4) recovers c1
= 8 as in the standard Kirkwood approximation. However,
using the RSA form for P2NN ∼ 1–7/4 θO, (4) recovers the
RSA value of c1 = 6 for ˆS8. The value of ˆS8 from (4) is sen-
sitive to the details of c(2 × 2) short-range order in the ad-
layer in contrast to (3). This follows noting that a measure
of c(2 × 2) domain size is the diagonal chord length,12, 35 Ld
= √2 θO/(P1 − P2NN), in units of surface lattice constant.
A related point is that the 8-site RSA model does recover a
key feature of experimental diffraction studies of low-T ad-
sorption for O2/Pd(100): a strong (1/2, 1/2) diffraction spot in-
tensity reflecting non-equilibrium c(2 × 2) ordering, together
with a weak (1/2, 0) spot intensity associated with equilibrium
p(2 × 2) ordering.4, 12, 25
Finally, we provide an exact analysis of the near-
saturation behavior of sticking for the RSA model. In this
regime, one might expect that each adsorbing diatomic (which
adds two O adatoms to the surface) destroys exactly one 8-site
ensemble (of which there are two per adsorption site). These
considerations imply that dˆS8/dθO → −1/4 at saturation, i.e.,
s1 = 1/4. A rigorous analysis producing the same result ex-
ploits the upper-triangular structure of the matrix form of the
hierarchical master equations, see Appendix D. This analysis
provides significant additional information on the behavior of
ˆS8 (beyond the above low-coverage results) which facilitates
Padé resummation or other rearrangements of the truncated
Taylor expansion (1) for ˆS8 to achieve a more uniformly ac-
curate approximation, see Appendix E.
These equilibrated and RSA forms of the 8-site model
produce c1-values above well above experimental and msLG
simulation values of c1 ∼ 2–4. To obtain lower c1-values,
we next construct analytically tractable variants of the 8-site
model incorporating orientational steering and funneling, see
Secs. II B–II D.
B. Refinement with orientational steering
(8s-site model)
In our 8s-site model, an adsorbing diatomic with center
impinging above a top site can probe 8-site ensembles with
two orthogonal orientations centered on this top site. If both
are available, one is selected at random. If just one is avail-
able, it is selected. If neither is available, then the adsorption
attempt fails. The configuration with both 8-site ensembles
available has all sites in a 12-site ensemble unoccupied and
occurs with probability P12(8s). See Fig. 2(b). Thus, for this
8s-site model, one has that ˆS8s = 2P8 − P12(8s). For another
perspective, regard the impinging diatomic as randomly se-
lecting one of the two diagonal orientations. Then, there is
one contribution, P8, to ˆS8s if the 8-site ensemble associated
with the selected orientation is available. Another contribu-
tion, P(rot), comes from the scenario where one or more of
the four end sites of the selected 8-site ensemble are occupied
(see Fig. 2(c)), but where rotated adsorption is successful, i.e.,
ˆS8s = P8 + P(rot), where P(rot) = P8 − P12(8s). (5)
Using the Kirkwood approximation P12(8s) ≈ (PNN)16/(P1)20,
and (3) for P8, one obtains c1 = 4 for ˆS8s for equilibrated
adlayers with NN exclusion (cf. c1 = 8 for ˆS8).
Next, applying a master equation analysis for the RSA
version of this model without thermal mobility, one finds that
d/dt P8 → −24k (as for the 8-site model) and d/dt P12(8s)
→ −34k (34 adsorption configurations overlap the 12-site
ensemble), as θO → 0. Consequently, one has that c1 = (2
× 24 − 34)/4 = 3.5 for the RSA version of the 8s-site model
(cf. c1 = 6 for the RSA 8-site model). We also note that
a refined Kirkwood approximation also accounting for 2NN
pairs, where P12(8s) ≈ (PNN)16(P2NN)14/(P1)48, recovers this
RSA value of c1 for ˆS8s if one inputs the RSA form for P2NN
∼ 1–7/4θO.
Finally, considering near-saturation behavior of the RSA
model, analysis is more complicated than for the classic BBB
8-site model in Sec. II A. However, one can still consider near-
saturation adsorption onto isolated defects (which can accom-
modate just one diatomic) in order to assess the decrease in
population of 8-site and 12-site ensembles, and thus the de-
crease in ˆS8s. Such an analysis suggests that dˆS8s/dθO → −1/2
at saturation, i.e., s1 = 1/2 (distinct behavior from the BBB 8-
site model). A rigorous analysis producing the same result fol-
lows from a detailed examination of the more complex struc-
ture of the hierarchical master equations in Appendix D. This
result can facilitate development of more accurate approxima-
tions for ˆS8s, see Appendix E. In summary, perhaps the most
significant observation is that ˆS8s has c1-values are reduced
from those for the 8-site model to the desired range for both
equilibrated and RSA cases.
C. Refinement with funneling (8f-site model)
There are many possible prescriptions of funneling, so
here we just discuss one choice which facilitates derivation of
a simple expression for the sticking coefficient. In our 8f-site
model with “restricted” funneling of the impinging diatomic
away from preadsorbed adspecies, the original pair of target
2NN sites must be empty in order for subsequent funneling
to be successful. Specifically, the diatomic attempts to adsorb
with center above a top site, randomly selecting just one of
two diagonal orientations. Direct adsorption is successful if
the associated 8-site ensemble is available. This gives a con-
tribution of P8 to ˆS8f. If the 8-site ensemble is not available as
a “side-site” is occupied, the diatomic funnels sideways away
from this side-site and adsorbs provided the shifted 8-site en-
semble is available. This produces an additional contribution,
P(side) = P10(side) – P11(side), to ˆS8f for each side site, for
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Tue, 05 Jan 2016 22:34:06
194704-5 J. W. Evans and D.-J. Liu J. Chem. Phys. 140, 194704 (2014)
the 10- and 11-site configurations are shown in Fig. 2(d). If
both side-sites are unoccupied, but one of the two “end sites
pairs” is occupied by at least one O, then the diatomic funnels
in the opposite direction, and adsorbs if the associated shifted
8-site ensemble is available. This produces an additional con-
tribution, P(end) = P9(end) – P11(end), to ˆS8f for each end,
for the 9- and 11-site configurations in Fig. 2(e). Thus, one
has that
ˆS8f = P8 + 2P(side) + 2P(end). (6)
Implementing a Kirkwood approximation, P8 ∼1–8θO, and
using P(side) ∼ θO and P(end) ∼ 2θO, one obtains c1 = 2 for
ˆS8f for equilibrated adlayers.
A low-T RSA analysis yields d/dt P10(side) → −29k,
d/dt P11(side) → −32k, d/dt P9(end) → −27k, d/dt P11(end)
→ −32k, and again P8 → −24k, as θO → 0. Thus, one ob-
tains c1 = 2, a result which is also recovered in a refined
Kirkwood approximation. We offer some comments on near-
saturation behavior in Sec. II D.
D. Other refinements
It is natural to consider an 8sf-site model including both
orientational steering and funneling, and which should pro-
duce even lower c1-values. As in the 8f-site model, the di-
atomic impinges on 2NN 4fh sites. However, now subsequent
dynamics depends on the state of these two “target” 2NN 4fh
sites. If these are both available, then one implements a 8f-site
funneling model as above. This results in a contribution ˆS8f to
ˆS8sf. If one of both of those 2NN target sites are occupied,
then the diatomic is steered to the orthogonal orientation, and
implements an 8f-funneling model for that orientation. This
is only possible if just one of those 2NN target sites is occu-
pied and involves funneling sideways away from that site with
probability P*(rot). Thus, one has that ˆS8sf = ˆS8f + P*(rot).
We do not provide a detailed analysis here, but it can be shown
that P*(rot) ∼ θ (3/4θ ), and thus that c1 = 1 (1.25) for equili-
brated adlayers (in the RSA regime).
Rather than incorporate additional orientational steering
into funneling models, one could extend the degree of fun-
neling also reducing c1. For example, an (8f+)-model allow-
ing funneling if one or both of the target 2NN sites are oc-
cupied (in contrast to the 8f-site model) yields c1 = 0 (0.25)
for equilibrated adlayers (in the RSA regime). The RSA value
is non-zero as adsorption is blocked by a single preadsorbed
diatomic with adatoms on 2NN sites orthogonal to the se-
lected target 2NN sites. Finally, we comment briefly on near-
saturation behavior for these RSA models. In general, increas-
ing the range of funneling (or increasing the ease of adsorp-
tion) not only decreases c1 but also increases the rate of de-
crease of sticking, s1 = −dˆS8/dθO, at saturation.
III. 9-SITE MODEL AND REFINEMENTS
WITH STEERING AND FUNNELING
As noted in Sec. I, DFT analysis does not support the 8-
site model picture of adsorption onto 2NN 4fh sites, but rather
shows the preferred pathway is adsorption onto 3NN 4fh sites
via a NN pair of vicinal br sites. Thus, we craft a simple 9-site
model which captures these essential features, and then dis-
cuss refinements of this model. Below the diatomic impinges
with its center of mass above a target 4fh site with one of two
orientations aligned with a principle lattice direction. Let k
denote the impingement rate per direction.
A. Basic 9-site model
In this model, the constituent atoms in the adsorbing di-
atomic separate to 3NN 4fh sites on opposite sides of a target
site 4fh site above which the center of the diatomic impinges.
Adsorption is successful if the target impingement site and
3NN adsorption sites are available, as well as the six addi-
tional neighbors of the final adsorption sites. Thus, adsorption
does not populate NN pairs of 4fh sites, and an ensemble of
9-sites must be available for adsorption to be successful. This
occurs with probability ˆS9 = P9. See Fig. 3(a). Applying the
Kirkwood approximation,22 one has that
ˆS9 = P9 ≈ (PNN)8/(P1)7 = (1 − 2θO)8/(1 − θO)7. (7)
Thus, from Taylor expansion, one obtains c1 = 9 which ap-
plies for adsorption via the 9-site rule into an equilibrated
adlayer for any prescription of adspecies interactions, and c2
= 28 which should match exact behavior for the equilibrium
hard-square model.34
Next, we consider the regime of low-T RSA in the ab-
sence of thermal diffusion. Let P3NN denote the probability
on an unoccupied 3NN pair of 4fh sites. Then, one has that
d/dt P1 → −4k (four adsorption configurations occupy the
P9 P9
(b)
P13(9s)
(a)
=
P9P(rot) P13(9s)
(c)
P(end)
(d)
P9
=
P10(end)
P(side)
(e)
P12(end)
=
P14(end)
FIG. 3. Schematics for the 9-site model and refinements with notation as
in Fig. 2. (a) Standard 9-site model: two orthogonal 9-site ensembles. (b)
13-site ensemble which is the union of orthogonal 9-site ensembles. (c) 9s-
site model: configuration associated with successful adsorption after rotation
where one or more sites denoted by * are occupied. (d) 9f-site model: fun-
neling away from a populated end site (solid circle) to an available 9-site en-
semble; (d) 9f-site model: funneling away from one or more populated upper
side sites (denoted by *) to an available 9-site ensemble.
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empty site), d/dt P3NN → −7k (seven adsorption configura-
tions overlap a 3NN pair), and d/dt P9 → −29k (29 adsorp-
tion configurations overlap the 9-site ensemble), as θO → 0.
Thus, one obtains c1 = (dP9/dt)/(dP1/dt)|t = 0 = 7.25 (not 9).
This reflects the presence of strong correlations in occupancy
of 3NN sites P3NN ≈ 1–7/4 θO not 1–2θO for low θO. (As an
aside, we note that analysis of a refined model including ther-
mal hopping reveals no change in the c1-value.) More detailed
analysis of this RSA model also shows that c2 = 125/8, and
ˆS9 has a concave form decreasing to zero at a saturation cov-
erage of θOS = 0.358 ML. Here, a natural refined Kirkwood
approximation accounting for the seven constituent 3NN pairs
within the 9-site ensemble gives
ˆS9 = P9 ≈ (PNN)8(P3NN)7/(P1)21. (8)
Using the RSA form for P2NN ∼ 1–7/4 θO recovers the RSA
value of c1 = 7.25 for ˆS9. The form (8) reflects adlayer order
as Lp = 2θO/(P1 – P3NN) gives the c(2 × 2) domain size chord
length36 in a principal lattice direction. Finally, we provide an
exact analysis of near-saturation behavior for the RSA model.
Analogous to the 8-site model, each adsorbing diatomic de-
stroys exactly one 9-site ensemble so that dˆS9/dθO → −1/4 at
saturation, i.e., s1 = 1/4. See Appendix D for a rigorous analy-
sis based on the hierarchical master equations and Appendix
E for discussion of related series rearrangement for ˆS9. Either
the equilibrated or RSA forms of the 9-site model produce
large c1-values, so model refinement is needed to achieve de-
sired smaller values.
B. Refinement with orientational steering
(9s-site model)
In our 9s-site model with orientational steering, an ad-
sorbing diatomic impinging with center above a 4fh site
can probe 9-site ensembles with two orthogonal orientations
aligned in the principal surface directions centered on this 4fh
site. If both are available, one is selected at random. If just
one is available, it is selected. If neither is available, then ad-
sorption fails. Let P13(9s) denote the probability that all sites
are unoccupied in the 13-site ensemble which is the union of
the two 9-site ensembles, see Fig. 3(b). Then, regarding the
impinging diatomic as randomly selecting one of the two ori-
entations, there is one contribution, P9, to ˆS9s if the 9-site en-
semble associated with that orientation is available. Another
contribution, P(rot), applies where one or more of the four
axial sites of the selected 9-site ensemble are occupied (see
Fig. 3(c)), but where adsorption in the rotated orthogonal ori-
entation is successful, i.e.,
ˆS9s = P9 + P(rot), where P(rot) = P9 − P13(9s). (9)
In the Kirkwood approximation where P13(9s)
≈ (PNN)16/(P1)19, one has that c1 = 5 for ˆS9s for equili-
brated adlayers with NN exclusion (cf. c1 = 9 for ˆS9).
For the RSA version of this model, one finds that
d/dt P9 → −29k (as above) and d/dt P13(9s) → −42k (42
adsorption configurations overlap the 12-site ensemble), as
θO → 0. Consequently, one has that c1 = (2×29 − 42)/4
= 4 for the RSA version of the 8s-site model (cf. c1 = 7.25 for
ˆS9). A refined Kirkwood approximation accounting for 3NN
pairs, where P13(9s) ≈ (PNN)16(P2NN)10/(P1)39, recovers this
RSA value of c1 for ˆS9s if one inputs the RSA P3NN ∼ 1–7/4
θO. Thus, ˆS9s has c1-values well below those for ˆS9. Finally,
considering near-saturation behavior, either an analysis of ad-
sorption onto isolated defects or analysis of the hierarchical
master equations in Appendix D shows that dˆS9s/dθO → −1/2
at saturation, i.e., s1 = 1/2. See Appendix E for discussion of
related series rearrangement for ˆS9s.
C. Refinement with funneling (9f-site model)
Here, we just discuss one possible prescription of fun-
neling. In our 9f-site model with “restricted” funneling, the
diatomic attempts to adsorb with center above a 4fh site ran-
domly selecting one of two orthogonal orientations. In this
model, the central 4fh site and the 3NN sites must be empty
in order for subsequent funneling to be successful. Direct
adsorption is successful if the associated 9-site ensemble is
available. This gives a contribution of P9 to ˆS9f. If the 9-site
ensemble is not available, then funneling is implemented as
follows. If an end site of the 9-site ensemble is occupied, the
diatomic funnels away from this site and adsorbs if the shifted
9-site ensemble is available. The additional contribution to ˆS9f
is P(end) = P9 – P10(end) for each end site, where relevant
configurations are shown in Fig. 3(d). If both end sites in the
9-site ensemble are unoccupied, and one “side-site pair” is oc-
cupied by one or two O, then the diatomic funnels sideways
away from this pair and adsorbs if the shifted 9-site ensem-
ble is available. The additional contribution to ˆS9f is P(side)
= P12(side) – P14(side) for each side site (see Fig. 3(e)). Thus,
one has that
ˆS9f = P9 + 2P(side) + 2P(end). (10)
A Kirkwood approximation for ˆS9f shows that c1 = 3 for equi-
librated adlayers.
From a low-T RSA analysis, one finds that d/dt P10(end)
→ −32k, d/dt P12(side) → −39k, d/dt P14(side) → −44k,
and again P9 → −29k, as θO → 0. Thus, one has c1 = 3.25.
This result is also recovered in a refined Kirkwood approxi-
mation. We offer some comments on near-saturation behavior
in Sec. III D. Finally, we remark that the same c1-values are
obtained in a modified implementation with sideways funnel-
ing first (either for equilibrated adlayers or RSA).
D. Other refinements
Our 9sf-site model refinement includes both orientational
steering and funneling, producing even lower c1-values. As in
the above 9-site models, the diatomic impinges on 3NN 4fh
sites. Also as above, the 4fh site above which the diatomic im-
pinges must be available for adsorption. However, now sub-
sequent dynamics depends on the state of the two 3NN 4fh
on which the O adatoms attempt to reside. If these are both
available, then one implements a 9f-site funneling model as
above. This results in a contribution ˆS9f to ˆS9sf. If one or both
of those sites are occupied, then the diatomic is steered to the
orthogonal orientation, and implements a 9f-funneling model
for that orientation with probability P*(rot). This implies that
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FIG. 4. Schematic for the 9sf-site model with notation as in Fig. 2. Scenarios
where adsorption in the initial orientation fails, but rotation leads to success-
ful adsorption without funneling.
ˆS9sf = ˆS9f + P*(rot). To assess P*(rot), we note that in all
cases with one or both of the 3NN 4fh sites occupied, the ro-
tated diatomic can adsorb without funneling if the appropriate
rotated 9-site ensemble is available. This produces a contribu-
tion δP*(rot) = P9 – P11(9sf) to P*(rot). See Fig. 4. If both
3NN 4fh sites are occupied, then funneling is not possible,
so there is no additional contribution to P*(rot). If just one
of these sites is occupied, then the dimer could funnel away
from this site and adsorb with probability O(θO)2. For an equi-
librated adlayer, one has that ˆS9f ∼ 1–3θO, δP*(rot) ∼ 2θO, so
that c1 = 1 for ˆS9sf. From a low-T RSA analysis, one has that
ˆS9f ∼ 1–3.25θO, δP*(rot) ∼ 1.75θO, so that c1 = 1.5 for ˆS9sf.
Extending the degree of funneling will also reduce c1. In
a (9f+)-site model, we also allow funneling if the central 4fh
site above which the center of the diatomic impinges is occu-
pied in contrast to the 9f-site model. However, adsorption is
still blocked if one or both of the target 3NN sites are occu-
pied, as funneling just shifts the adsorbing O adjacent to these
sites. This (9f+)-model yields c1 = 2 (1.75) for equilibrated
adlayers (in the RSA regime). Including extended funneling
in the model combining steering and funneling yields c1
= 0 for both equilibrated and RSA adlayers. As in
Sec. II D, we note that increasing the range of funneling or the
ease of adsorption generally both decreases c1 and increases
the magnitude of the rate of decrease of sticking at saturation.
IV. ADDITIONAL RESULTS FROM THEORY,
SIMULATION, AND EXPERIMENT
A. KMC simulation results for RSA models
For the low-T RSA regime, rearrangement of truncated
Taylor expansions for ˆS obtained from a master equation anal-
ysis can provide a reasonable description of behavior even
for higher θO. However, here instead we apply KMC simu-
lation for precise estimates for saturation or jamming cover-
ages, θOS. We find that
θO
S = 0.362, 0.368, 0.346, 0.353, . . . ML for 8−, 8s−,
× 8f−, (8f+), . . .−site models, (11a)
θO
S = 0.358, 0.353, 0.371, 0.370, . . . ML for 9−, 9s−,
× 9f−, (9f+), . . . − site models, (11b)
respectively. Of particular note is the relatively small variation
in these values, a feature which we find persists in other varia-
tions our 8- and 9-site models. Of course, for adlayers subject
to NN exclusion, the strict upper bound on the coverage is sig-
nificantly higher at 0.5 ML corresponding to perfect c(2 × 2)
ordering. Indeed, saturation coverages arbitrarily close to this
limit are achieved in cooperative sequential adsorption mod-
els which include a propensity for c(2 × 2) clustering (e.g.,
associated with 2NN attractive adspecies interactions). Thus,
the above robustness applies only in models without such a
clustering propensity.
To further elucidate this robustness, it is instructive to
first consider behavior of a related equilibrium model, specifi-
cally the hard-square model for adatoms adsorbed a square ar-
ray of adsorptions sites with NN exclusion.34 The key feature
of this model is a symmetry-breaking phase transition from
short-range to long-range c(2 × 2)-order as the coverage in-
creases above a critical value of θOc = 0.367743 ML.37 This
indicates a natural upper bound at around 0.37 ML for cov-
erages that can be achieved without symmetry-breaking (i.e.,
while retaining equal populations of the degenerate c(2 × 2)
subdomains). From this perspective, it should be emphasized
that all adsorption models display short-range order.
Second, it is instructive to note that for the extensively
studied classic monomer RSA model (adsorption of species
onto single 4fh sites subject to NN exclusion), the satura-
tion coverage of θOS = 0.36413338 is also in the above range.
One issue of consideration for RSA-type problems has been
Palasti conjecture that relates saturation coverages for 2D
problems can to those of corresponding exactly solvable 1D
problems.21 While not exact,39 these relations can be remark-
ably accurate. Here, we extend these ideas to classic monomer
RSA to estimate the saturation coverage as
θO
S(extended Palasti) = 1/2(1 − e−2)2
= 0.373823 ML (monomer RSA), (12)
a value which should be compared with the precise estimate
of Ref. 38. See Appendix F for a derivation which exploits a
pictorial representation traditionally used for the equilibrium
hard-square model. In summary, for both non-equilibrium
models of adsorption monomer and dimers with NN exclu-
sion, and even for equilibrium models with NN exclusion,
in the absence of a propensity for c(2 × 2) clustering, there
is a robustness of the maximum coverage which is achieved
without symmetry-breaking (and where this corresponds to
the jamming coverage in RSA models).
Of course, KMC simulation can provide complete infor-
mation on the adsorption process. In Fig. 5, we present re-
sults for ˆS(θO) versus θO for the 9-site model and its vari-
ations. Behavior for 9s- and 9f-models reasonably captures
FIG. 5. ˆS(θO) versus θO for RSA versions of the 9-site model and its refine-
ments. See text for descriptions of models with orientational steering (s) and
funneling (f).
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FIG. 6. Peak intensity of the strong (1/2, 1/2) diffraction spot (solid line) and the weak (1/2, 0) spot (dashed line) during adsorption for various RSA models
indicated.
experimental behavior for O2 on Ni(100) and Pd(100) de-
scribed below. As noted in Sec. I, diffraction studies of low-T
adsorption for O2/Pd(100) reveal a strong (1/2, 1/2) spot inten-
sity reflecting non-equilibrium c(2 × 2) ordering and a weak
(1/2, 0) spot intensity associated with p(2 × 2) ordering.4, 25
This feature is achieved in the 8-site RSA model which natu-
rally generates c(2 × 2)-order given the 2NN 4fh site adsorp-
tion rule, and is preserved in variations of this model. For the
9-site RSA model, the (1/2, 0) spot intensity is a slightly higher
fraction of the (1/2, 1/2) spot intensity, but is still relatively very
weak and thus consistent with experiment. These intensities,
which can be obtained by suitable alternating sums over pair
correlations,31 are shown in Fig. 6. One additional observation
is that the inclusion of funneling slightly sharpens of the dif-
fuse (1/2, 1/2) spot (i.e., reduces its width) for the 9-site model
but has an opposite effect for the 8-site model. See Fig. 7.
This can be understood since funneling produces O adatoms
in a c(2 × 2) domain with the same phase for the 9-site model,
but in the opposite phase for the 8-site model. Since the width
in the 8-site model exceeds that in experiment for Pd(100),40
the sharper spot in the 9f-site model improves agreement with
experiment. Finally, we mention that addition of orientational
steering to the 8-site and 9-site models does not have much
effect on the spot width.
B. KMC simulation results for effects
of thermal hopping
We have already noted the unintuitive analytic result that
inclusion of diffusive hopping which equilibrates the adlayer
FIG. 7. Diffuse (1/2, 1/2) diffraction spot at 2 L for various RSA models as
indicated.
does not actually shift c1 from its RSA value towards the dis-
tinct equilibrium value. For numerical confirmation of this be-
havior, we add random hopping at rate h to NN 4fh sites pro-
vided that this does not create populated NN pairs. Then, the
corresponding equilibrium model is the hard-square model.34
Results are provided in Fig. 8 for the 9-site model with hop-
ping showing that [1 − ˆS9(θO)]/θO → c1 = 7.25, as θO → 0
even for large h = 1000. Corresponding behavior is found for
the 8-site model with hopping where [1 − ˆS9(θO)]/θO → c1
= 6, as θO → 0 (not shown). The lack of shift in c1-values
can be understood since it takes an infinite amount of time for
hopping to erase the 3NN-site correlation associated with the
9-site adsorption rule (or the 2NN-site correlation from the 8-
site rule). Thus, the transition of ˆS9(θO) from the RSA-form
FIG. 8. Effect of diffusive hopping at rate h on sticking in the 9-site model.
(a) ˆS(θO) as a function of θO for various h/k. The inset highlights curve-
crossing behavior for higher θO. The red curve is the Kirkwood sticking co-
efficient (7). (b) Data showing invariance of c1.
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to the hard-square form as h → ∞ is somewhat subtle only
being reflected in the h-dependence of cn≥2.
Another fundamental but subtle feature is effect of hop-
ping on the saturation behavior at higher coverage where ˆS
becomes negligible. In all the RSA models with no hopping
(h = 0), there is a well-defined jamming coverage θOS < 0.5
ML where ˆS vanishes.21 However, even for very small
h > 0, quite different behavior occurs. Quickly adsorption
creates a near-jammed state with negligible population of ad-
sorption ensembles. This state will correspond to small defec-
tive c(2 × 2) domains separated by domain boundaries free of
adsorption ensembles. Vacancy defects within domains con-
sist of empty sites with four occupied 2NN (3NN) sites for
8-site (9-site) type models, and these are frozen for hopping
only to NN sites. Some adatoms along domain boundaries can
hop between domains of opposite phase producing a type of
curvature-mediated domain boundary dynamics.41 This leads
to Lifshitz-Cahn-Allen type domain coarsening producing an
increase in the coverage. This domain boundary motion can
also reduce the population of vacancy defects,41 producing a
further increase of the coverage towards a maximal saturation
value of 0.5 ML. Fig. 8 also illustrates the feature that for the
9-site model with hopping, ˆS9 retains a significant non-zero
value above ∼0.01 at least up to 0.4 ML for h/k = 1000.
C. Analysis of experimental data
Next, we review experimental results for sticking or up-
take versus θO for O2 adsorption on the fcc(100) surfaces of
Ni, Pd, and Rh. Fig. 9(a) shows the experimental sticking re-
sults for O2/Ni(100) at 300 K2 and the reasonable fit of this
data by the standard 8-site model. However, Stuckless et al.24
FIG. 9. Experimental sticking behavior and oxygen uptake versus coverage
or exposure. (a) O2/Ni(100) from Ref. 24 gives c1 ≈ 2.6 and from Ref. 2 gives
c1 ≈ 3.9 after recalibration of θO. (b) O2/Pd(100) from Ref. 25 indicates that
ˆS at 180 K drops to ∼0.5 at half saturation from the change in the rate of
uptake (red thin lines) implying that c1 ≈ 3. (c) O2/Rh(100) from Ref. 26
indicates that c1 ≈ 1.4.
argue that the coverage must be recalibrated producing an ef-
fective saturation coverage of θOS ≈ 0.37 ML and c1 ≈ 3.9
(reduced from c1 ≈ 6). Independent data from Ref. 24 indi-
cates that c1 ≈ 2.6. Fig. 9(b) shows oxygen uptake results for
O2/Pd(100) at 180 K where θOS ≈ 0.34 ML.25 A rough esti-
mate of the decrease in the rate of uptake (red thin lines) in-
dicates that ˆS at 180 K drops to ∼0.5 at half-saturation where
θO ≈ 0.17 ML, which implies that c1 ≈ 3. Overall, behavior
for Ni and Pd is quite similar with a convex form (positive
curvature) for S(θO) versus θO. Fig. 9(c) shows sticking be-
havior for O2/Rh(100) at 300 K2 which reveals a contrasting
concave form (negative curvature) of S(θO) for smaller θO.
Comparing behavior for O2 on Pd(100) and Rh(100), it
appears that the former is reasonably described by the 9s- or
9f-site models, whereas the latter is better described by the
9sf-site model. However, for Rh(100), capturing the higher
saturation coverage presumably requires also incorporating
significant adatom thermal mobility at 300 K (which is not
significant for Pd(100) at the lower temperature of 180 K).
More facile adsorption in the latter case might naturally be as-
sociated with significantly stronger binding of oxygen to the
Rh(100) surface which would naturally enhance steering and
funneling to suitable 4fh adsorption sites.10, 29
V. CONCLUSIONS
The traditional mean-field Langmuir description of dis-
sociative adsorption of oxygen at NN sites, while provid-
ing a useful analytic expression for the sticking coefficient,
is too simplistic. On the other hand, the classic BBB 8-site
model and a modified 9-site model for adsorption at 4fh sites
on metal(100) surfaces, incorporating blocking due to NN
exclusion and a corresponding large adsorption site ensem-
ble, make adsorption too restrictive. This leads to excessively
large c1-values measuring the initial rate of decrease of ˆS.
However, refinements incorporating orientational steering and
funneling do capture key features of behavior for various ex-
perimental studies, particularly lower c1-values. Significantly,
these models are amenable to analytic treatment thereby pro-
viding deeper insight into sticking behavior than KMC simu-
lation alone. Finally, we mention that values of c1 = 3–4 can
also be obtained in multi-site lattice gas (msLG) models for
dissociative adsorption.29 Thus, behavior observed in experi-
ment may be due to a combination of msLG-type adsorption,
together with blocking, orientational steering, and funneling
effects.
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APPENDIX A: PRESCURSOR-MEDIATED
ADSORPTION
Traditionally, a slower than expected decrease in ˆS(θO)
versus θO might be associated with precursor effects. Kisliuk
theory42 relates the normalized sticking coefficient with
precursor effects, ˆS(precursor), to that analyzed above with-
out precursor effects, ˆS. If the precursor is highly mobile, and
τ denotes its lifetime before desorption in units of the mean
time to chemisorb, then one has that10, 42
ˆS(Kisliuk) = (τ + 1)ˆS/(τ ˆS + 1)
= 1 − (τ + 1)−1(1 − ˆS) + O[(1 − ˆS)2]. (A1)
Thus, c1(precursor) = c1/(τ + 1) is strongly reduced for
large precursor lifetimes. However, for the systems consid-
ered here, DFT analysis of the potential energy surface for the
binding energy during dissociative adsorption29 does not pro-
vide evidence for a physisorbed precursor. Thus, it is reason-
able to propose that the low c1-values compared to the stan-
dard 8-site and 9-site values are due to effects of steering and
funneling.
Another cruder Gasser-Smith precursor theory43 assumes
that the physisorbed species makes exactly q attempts to
chemisorb before desorbing, and that each of these succeeds
with probability ˆS. Then, it follows that ˆS(Gasser-Smith)
= 1 − (1 − ˆS)q ≈ 1 − (c1θO)q.
APPENDIX B: DFT-MD ANALYSIS
DFT-MD calculations were performed using the plane-
wave VASP code44 for O2 adsorption on Pd(100) for slab ge-
ometries representing the metal surface and with the Perdew-
Burke-Ernzerhof exchange-correlation functional.45 The pro-
jector augmented wave (PAW) method46 was used for compu-
tation efficiency. Molecules were adsorbed on one side of the
slab, and induced artificial dipole interactions are corrected
using the method of Neugebauer and Scheffler.47 The energy
cutoff for the plane-wave basis set was 400 eV, and the k-
points grid was (4 × 4 × 1) for (2√2 × 2√2) R 45◦ lateral
supercells and (6 × 6 × 1) for (3 × 3) lateral supercells. Spin-
polarized calculations below were performed on 3-layer slabs
with the bottom layer fixed. The initial of O2 height was 0.47
nm above the surface with a 70 K thermal velocity and dy-
namics was run in a microcanonical ensemble.
A general conclusion follows from this DFT-MD analysis
of O2 adsorption with various arrangements of preadsorbed
O: the picture of traditional adsorption models with blocking
and large adsorption site ensembles is too simplistic. Specifi-
cally, impinging molecules do not simply bounce off the sur-
face if they are not aimed at a suitable available adsorption
site ensemble. In fact, the impinging O2 can transiently bond
to preadsorbed O before veering off to a nearby 4fh site and
subsequently dissociating. Here, we just provide two selected
examples to illustrate the features of orientational steering
and funneling in the vicinity of an isolated preadsorbed O.
Fig. 10(a) shows snapshots of rotational steering to an orien-
tation allowing adsorption of an O2 which adsorbs parallel to
the surface at a 45◦ angle to this orientation. Fig. 10(b) shows
snapshots of the funneling of an O2 impinging partly above
FIG. 10. DFT-MD images of steering and funneling dynamics for O2 adsorb-
ing in the vicinity of an isolated O adatom on Pd(100) (gold colored atoms):
(a) orientational steering to orthogonally align with a neighboring vicinal br
pair; the over-shoot in reorientation is quickly corrected within ∼20 fs of the
last image shown; (b) funneling to a neighboring vicinal br pair. See the text
for further details.
the preadsorbed O to a nearby configuration allowing adsorp-
tion.
It is often assumed that kinetic energy transfer from the
adsorbing molecule to phonon modes of the substrate is effi-
cient during dissociative adsorption of oxygen on metal sur-
faces. Potentially, the above microcanonical ensemble simu-
lations may not be compatible with such a picture of efficient
energy transfer, as the finite system size in these simulations
may artificially inhibit such transfer. However, given the very
short fs time scale of the dynamics of interest relative to the
natural ps time scale of energy transfer (associated with typ-
ical phonon frequencies), we do not expect such artifacts to
be significant. A reliable assessment of energy transfer, and
confirmation of the above claim, has been recently become
possible and has in fact been provided by novel QM/MM
simulations.28 These provide for the first time a capability to
treat such subtleties as non-equilibrium energy transfer into
surface phonon modes, and avoid spurious reflections from
periodic boundary conditions used in conventional DFT-MD
analysis. Such simulations for O2 on Pd(100) confirm minor
dissipation of heat to substrate phonon modes over the few
hundred fs considered in our simulations.28 These QM/MM
simulations also reveal hot O adatoms compatible with inhib-
ited energy transfer. Nonetheless, despite the above validation
of a microcanonical analysis, we have also performed simula-
tions incorporating a contrasting rapid energy transfer which
is achieved by velocity rescaling. Common features in both
types of simulations should be robust. We do find steering and
funneling in both, supporting the existence of this type of dy-
namics (but the simulations with velocity rescaling show ad-
ditional features such as stronger knock-out of pre-adsorbed
O atoms).
APPENDIX C: EXTENSION OF ADSORPTION MODELS
FOR COADSORBED CO
Here, we augment the prescription of our models for dis-
sociative adsorption of oxygen on partially oxygen-covered
metal(100) surface to also account for the effect of coad-
sorbed CO. In developing realistic models, it should be rec-
ognized that typically CO occupies multiple site types on
metal(100) surfaces.10 For example, on Pd(100), both bridge
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sites and hollow sites can have significant CO-population. On
Rh(100), both bridge sites and top sites can have significant
CO-population.
The simplest case is for the classic 8-site20 or 9-site mod-
els. We modify these models to require that in addition to the
8-site or 9-site ensemble being free of O, it is also necessary
that the hollow sites where the constituent O atoms adsorb
are free of CO. In addition, we require that no sites a distance
shorter than one surface lattice constant, a, from these (i.e.,
either bridge or top sites) are populated by CO. Together with
a prescription of adlayer diffusive dynamics, this model de-
termines the normalized sticking coefficient, ˆS(θCO, θO), for
oxygen. Again for simplicity we just indicate a dependence on
coverages, but in fact for non-equilibrated adlayers ˆS depends
on details of the adlayer configuration.
One instructive formulation for these models writes
ˆS(θCO, θO) = ˆS(θO) Q(θCO, θO).10 Here, ˆS(θO) is the stick-
ing coefficient in the absence of CO. Also, Q(θCO, θO) is the
conditional probability that if the 8- or 9-site ensemble is free
of O, then the additional requirements are met for CO. For
simple models, Q has been written in terms of the local cov-
erage of CO on available sites.10, 14, 17 Given the focus of this
paper, it is natural to consider a low-coverage expansion for
ˆS(θCO, θO) assuming that very mobile CO is equilibrated sub-
ject to the distribution of relatively immobile coadsorbed O.
Then, for the 8-site model, one has that
ˆS(θCO, θO) = 1 − c1θO − 2θCO(hollow) − 8θCO(bridge)
− 7θCO(top).
We indicate the partial CO-coverages for the 2 hollow sites on
which O resides, and the 8 bridge sites, and 7 top sites within a
distance, a, of the O adsorption sites. These partial coverages
are simply determined by the total CO-coverage from the rel-
ative adsorption site energies. A similar development applies
for the 9-site model.
For models incorporating orientational steering and fun-
neling, we still require that the final O adsorption sites are free
of CO. One might naturally also require that additional sites
be free of O both within one lattice constant of these adsorp-
tion sites, and also those sites that would block the steering or
funneling dynamics.
APPENDIX D: EXACT NEAR-SATURATION
RSA ASYMPTOTICS
Our rigorous analysis of near-saturation behavior is based
in part on the observation that if ˆS ∼ c exp(-αkt), as t → ∞,
then integration of d/dt θO = −4k ˆS yields
θO
S − θO ∼ (4/α)c exp(−αkt), so that ˆS ∼ (α/4)
(
θSO − θO
)
,
(D1)
approaching saturation. Thus, ˆS vanishes linearly with cover-
age.
1. 8-site and 9-site models in the RSA regime
Let σ denote a configuration of empty sites which incor-
porates m distinct adsorption site ensembles. Then, the prob-
ability P[σ ] of this configuration satisfies
d/dtP[σ ] = −mkP[σ ] − R[σ ], (D2)
where R[σ ] involves a linear combination of P[σ ′] with pos-
itive coefficients where all configurations σ ′ include m′ > m
adsorption site ensembles. It is convenient to incorporate the
P[σ ] into an infinite dimensional vector P, where the P[σ ] are
ordered with non-decreasing m. Then, recasting (D2) in ma-
trix form d/dt P = A · P, it is clear that the ∞×∞ matrix A
is upper triangular with eigenvalues λ = −mk correspond-
ing to the diagonal entries. Furthermore, contributions to P[σ ]
comes exclusively from the eigenvectors with eigenvalues
λ = −m′k satisfying m′ ≥ m. Consequently, one has that P[σ ]
∼ c[σ ] exp(−mkt), as t → ∞. Another way to rationalize the
latter result is to recognize that the evolution of P[σ ] is only
coupled to that of faster decaying P[σ ′] with m′ ≥ m. Thus,
since m = 1 for ˆS = P8 (P9), it follows that P8 ∼ c8 exp(−kt)
[P9 ∼ c9 exp(−kt)] for the 8-site [9-site] model, as t→∞, i.e.,
α = 1. Then (D1) implies that
ˆS8 ∼ 1/4
(
θO
S − θO
)
and ˆS9 ∼ 1/4
(
θO
S − θO
)
. (D3)
2. 8s-site and 9s-site models in the RSA regime
Analysis of near-saturation behavior for models with ori-
entational steering is more subtle. Now for configurations, σ ,
of empty sites incorporating m distinct adsorption site ensem-
bles, we let m1 (m2) denote the number of these for which
the rotated ensemble is not included (is also included), so that
m = m1 + m2. Then, it follows that
d/dtP[σ ] = −(2m1 + m2)kP[σ ]+ . . . , (D4)
where implicit terms are negative and involve configurations
with larger m1 and/or m2. The factor of 2 multiplying m1 re-
flects the feature that if the diatomic adsorbs with an orienta-
tion orthogonal to one of the m1 ensembles, it can adsorb onto
that ensemble after rotation.
Thus, for the 8-site model, contributions to d/dt P8 where
the center of the adsorbing diatomic aligns with the center
of the 8-site ensemble include: direct adsorption aligned with
this ensemble [−kP8], direct adsorption orthogonal to this en-
semble [−kP12(8s)], and adsorption aligned with this ensem-
ble after rotation [−kP(rot)]. These sum to −2kP8, so one has
that
d/dtP8 = −2kP8 + . . . (m1 = 1, m2 = 0), (D5)
where the implicit negative terms involve adsorption where
the center of the impinging diatomic is misaligned with the
center of the 8-site ensemble. These involve larger configura-
tions of empty sites. Similarly, one can show that
d/dtP12(8s) = −2kP12(8s) + . . . (m1 = 0, m2 = 2), (D6)
with implicit terms negative. Thus, one has ˆS8s = 2P8
– P12(8s) ∼ c8s exp(−2kt), so that α = 2. An analogous
conclusion applies for ˆS9s, so then (D1) implies that
ˆS8s ∼ 1/2
(
θO
S − θO
)
and ˆS9s ∼ 1/2
(
θO
S − θO
)
. (D7)
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3. Other models
For the 8f- (9f-) site model, one has that ˆS8f = P8 +. . .
( ˆS9f = P9 +. . . ) where the implicit positive terms reflect fun-
neling. This structure is preserved in refined funneling models
with more complex implicit terms. The structure of the mas-
ter equations is also more complex inhibiting simple analysis.
However, we reiterate the general observation that increasing
the range of funneling can increase the magnitude of the rate
of decrease of sticking at saturation.
APPENDIX E: ˆS SERIES REARRANGEMENT FOR RSA
The simplest strategy to incorporate both the low-
coverage and near-saturation rates of change of ˆS (as quan-
tified by c1 and s1) into a functional form for ˆS is to adopt a
quadratic form constrained to match these features, i.e.,
ˆS(θO) = (1 − aθO)(1 − bθO),
where a = 1/2(c1 + s1) exceeds b = 1/2(c1 − s1). (E1)
Then, the saturation coverage corresponds to θOS = a−1
= 2/(c1 + s1) = 0.320, 0.267, 0.500, and 0.444 ML for the
8-site, 9-site, 8s-site, and 9s-site models, respectively. More
complex forms are required to more accurately capture θOS-
values.
If c2 is also known, then low-coverage quadratic behavior
and the near-saturation rate of change of ˆS can be matched by
a Padé form,12, 48
ˆS(θO) = (1 − aθO)(1 − bθO)/(1 + cθO),
where a > b so θSO = a−1, a + b + c = c1, etc. (E2)
With this form, one obtains θOS = 0.311 ML for the 8-site
model and θOS = 0.290 ML for the 9-site model. A more
accurate description requires additional input, e.g., cn≥2.
One strategy is to exploit the robustness of θOS
≈ 0.36–0.37 ML using a Padé form and choosing b and c
to match c1 and s1-values yields
ˆS(θO) =
(
1 − θO/θOS
)(1 − bθO)/(1 + cθO),
where b <
(
θO
S)−1, b + c = c1 − 1/θOS, etc. (E3)
One obtains (b,c) = (2.44, 0.80), (2.35, 2.10), (2.54, −1.76),
(2.58, −1.42) for the 8-site, 9-site, 8s-site, and 9s-site mod-
els using reported values of θOS. These forms almost exactly
recover KMC results for 0 ≤ θO ≤ θOS. Even more precise
forms replace the denominator in (24) with 1 + cθO + d(θO)2
and also match c2-values.12
APPENDIX F: EXTENDED PALASTI CONJECTURE
FOR MONOMER RSA
The continuum Palasti conjecture and its discrete lat-
tice generalization identifies the fractional area or coverage
at jamming for 2D RSA problems as the square of that for
corresponding 1D RSA problems (the latter generally being
exactly solvable). This conjecture provides accurate, but not
exact estimates.21, 39 This approach has not been applied pre-
viously to the classic monomer RSA problem on a square
FIG. 11. Extended Palasti conjecture for monomer RSA with NN exclusion
(monomers are denoted by black circles). (a) 1D monomer RSA on a linear
lattice showing a hard-rod representation (blue outlined rectangles) and (b)
2D monomer RSA on a square lattice showing a hard-square representation
(blue outlined squares).
lattice. Appropriate application comes from considering the
fractional area in a hard-square representation of this 2D
problem as shown in Fig. 11. Adsorbed monomers are iden-
tified with π /4-rotated hard-squares whose side length, L,
equals
√
2 times the lattice constant. Then, hard-squares for
2NN monomers in the same c(2 × 2) domain have touch-
ing edges, and those on opposite sides of a domain bound-
ary between c(2 × 2) domains of opposite phase have edges
separated by 1/2L. Also, the fractional area, A2D, of hard-
squares is given in terms of the monomer coverage, θ2D, by
A2D = 2θ2D.
We claim that corresponding 1D problem involves
monomer RSA on a 1D lattice where the monomers are iden-
tified with hard-rods shown in Fig. 10(a) whose length, L,
equals twice the lattice constant. Then, adjacent hard-rods
in the same double-spaced domain have touching edges, and
those on the opposite sides of a domain boundary between
domains of opposite phase have ends separated by 1/2L. Also,
the fractional area, A1D, of hard-rods is given in terms of
the monomer coverage, θ1D, by A1D = 2θ1D. In the spirit of
Palasti, we further claim that A2DS ≈ (A1DS)2, and thus that
θ2D
S ≈ 2(θ1DS)2 at saturation or jamming. Since θ1DS = 1/2(1
− e−2) ML,21 one obtains an extended Palasti-type estimate
of θ2DS ≈ 1/2(1 − e−2)2 = 0.373823 ML. It should be noted
that the exact 1D result used here follows from a classic 1939
result of Flory.49
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